Human and mouse MEA1/Mea1 is flanked by two overlapping genes, a novel PEAS/Peas in a head-to-head orientation and PPP2R5D/Ppp2r5d in a tail-to-tail orientation making a P eas-M ea1-P pp2r5d overlapping gene complex (PMP-complex). Genomic zoo blot analyses and database searching revealed that Mea1 exists only in mammals, while Peas and Ppp2r5d are conserved in eukaryotes. Mea1 and Peas are transcribed from a testis-expressed bidirectional promoter. M ea1-P pp2r5d overlapping segment (MPOS) contains polyadenylation signals for both genes and shows marked conservation throughout mammals. Furthermore, the MPOS occupies 3 -region of transcripts of both genes is expected to form a clover-like intramolecular structure. Mouse genomic library Screening and database searches identified two MPOS-derived sequences in Odf2 gene and RP23-86H7 cosmid clone, respectively, in which MPOS might be a core segment for the retropositions. Thus, a key role of MPOS, a short transposable element containing polyadenylation signals on both strands, in the formation of the Mea1 during mammalian evolution is suggested.
Introduction
The male-enhanced antigen-1 gene (Mea1) was initially isolated with a polyclonal anti-H-Y antigen antibody as a candidate of serologically detectable H-Y antigen (SDM).
1 It is expressed in the germ cells of mammalian testes, and is of interest from the viewpoints of male-germ cell development and autoimmune disease antigens.
2 Our recent study identified two genes overlapping with Mea1 which occupied the central position.
14 One of the flanking genes is a novel gene named Peas and the other is Ppp2r5d, forming the P eas-M ea1-P pp2r5d overlapping gene complex (PMP-complex). Ppp2r5d, a mouse homolog of human PPP2R5D encodes the δ isoform of the PP2A regulatory B56 family.
3,4
PMP-complex is located at human 6p21.1 and mouse chromosome 17 24.30-cM. HLA/H-2 complex loci contain many overlapping genes. To list a few, CYP21 encoding steroid 21-hydroxylase (P450c21) overlaps with TNX, which encodes for an extracellular matrix protein, tenascin-X, in tail-to-tail orientation. CYP21 and TNX share complementary segments of 299-bases at the Communicated by Mitsuo Oshimura * To whom correspondence should be addressed. Tel. & Fax.
+81-29-853-7719, E-mail: y-mitsui@tara.tsukuba.ac.jp 3 -ends. 5, 6 On the other hand, ACAT2, encoding the acetyl-CoA acetyltransferase-2 overlaps with TCP1, encoding the t-complex protein-1, a molecular chaperone of the chaperonin family in tail-to-tail orientation. ACAT2 and TCP1 apparently arose during the transition from therapsid reptiles to mammals and have retained their identity for more than 200 million years.
7
The reverse flow of genetic information from RNA back into DNA is known as retroposition, and each transposed informational element is known as a retroposon. Highly repetitive elements in eukaryotic genomes, such as short interspersed repetitive elements (SINEs, typically < 500 bp), long interspersed repetitive elements (LINEs) with full-length copies ranging from 6 to 8 kb, and processed retropseudogenes belong to this category. 8 Each mammalian order has characteristic families of SINEs that exist as multiple copies (e.g., human Alu, rabbit C, and mouse B1 and B2). However, sequence comparisons show that these SINEs have different origins. Human Alu and mouse B1 repeats probably arose from a 7SL RNA gene.
9,10 while many SINEs, including rabbit C and mouse B2 repeats, appear to be derived in part from tRNA genes. 11, 12 Although the number of copies is smaller than that of SINEs, many transposable elements are considered to originate via various RNA in-termediate molecules (e.g., tRNA, rRNA, mRNA, SRP, and hnRNA). 13 In the present study, we have characterized Peas and Mea1 bidirectional transcription and the 110 bp M ea1-P pp2r5d overlapping segment (hereafter called, MPOS) in the PMP-complex and discuss a possible role of MPOS in transposon-mediated gene creation. Fig. 1B . Even though the 110-bp MPOS fall in 3 -untranslated regions, the sequences were markedly conserved (identity: bovine/human, 98% and mouse/human, 96%). In contrast, both 3 -untranslated regions flanking MPOS were not as well conserved.
Results and Discussion

Sequence analysis of
The other gene that overlapped with Mea1 in a head-to-head orientation, was a novel gene named Peas (DDBJ accession No.: human, AB055925; mouse, AB053465) (Fig. 1A) . Peas and Mea1 share a bidirectional promoter ( Fig. 2A) , a GC-rich region roughly spanning 1 kb which contains many AP-2 binding motifs on both strands. The GC-content was over 75% in a 1-kb window (Fig. 1A ).
Mea1 and Peas are inducible by addition of retinoic
acid Northern blot analyses revealed that Peas and Mea1 are dominantly expressed in the testis (Fig. 2B,C) . In situ hybridization analyses using anti-sense probes revealed that Peas and Mea1 are dominantly expressed in testicular germ cells, spermatocytes and spermatides ( Fig. 2D,E) . Peas and Mea1 sense probes were also tested as negative controls, but these did not detect any signals (data not shown). The bidirectional promoter for Peas and Mea1 contains many AP-2 binding motifs.
14 AP-2 is known to be inducible by retinoic acid (RA) in teratocarcinoma F9 cells. 15 Furthermore RA signaling is an essential feature of spermatogenesis. 16, 17 In order to determine whether the bidirectional promoter controls transcription of Peas and Mea1 simultaneously, transcription levels of both genes in F9 cells were examined by adding RA or Bt 2 cAMP (Fig. 2F,G) . The transcription levels of Peas and Mea1 increased by 4.7 and 2.1 times, respectively, after 48 hr of RA exposure (Fig. 2G ). The addition of Bt 2 cAMP marginally increased transcription levels of both genes (Fig. 2F ).
Sequence analyses of MPOS and MPOS-like seg-
ments By screening a mouse genomic library with a 32 P-labeled Mea1 cDNA probe including MPOS, we isolated several clones and determined their sequences. We found a clone carrying a part of outer dense fiber-2 gene (Odf2) intron that had a segment similar to the 3 -region of Mea1 cDNA with a MPOS-like sequence (Fig. 1C, box) (DDBJ accession No. AB097861, nucleic acid nos. 1551-1754). Odf2 is known to be specifically expressed in testis and its products localize in sperm outer dense fibers.
18 A poly(A) + -like sequence was found close to the MPOS-like segment (Fig. 1C, underline) . There are direct repeats consisting of 9-bases (GAGATGAGG, Fig. 1C, shadow) , which flank the sequence similar to the 3 -region of Mea1 cDNA. These findings suggested that a Mea1 transcript via RNA polymerase II was retropositioned to this position. MPOS might be the core element in the retrotransposition.
Database searches identified another MPOS-like sequence in a cosmid clone, RP23-86H7 (AC068561, nucleic acid nos. 15671-15784) on mouse chromosome 6 (Fig. 1C,  box) . A poly(A) + -like sequence (Fig. 1C , underline) was found close to the MPOS-like segment (Fig. 1C,  box) . There are direct repeats consisting of 8-base (TAT-ACAAT) tandem duplicates (Fig. 1C, shadow , nucleic acid nos. 15813-15806 and 15165-15158 [not shown]), which flank the sequence homologous to the 3 -region of Ppp2r5d cDNA. These findings suggest that a Ppp2r5d transcript via RNA polymerase II was retropositioned to this site.
We performed Southern blot analyses using probe A (mouse Mea1 exon 2, not containing MPOS) and probe B (mouse Mea1 exon 4, containing MPOS) (Fig. 1A) . Probe A detected two bands (9.5 and 8.5 kb) on EcoRI blots (Fig. 3A) . Probe B detected four bands (9.5, 8.5, 4.7, and 4.2 kb). The 4.7-and 4.2-kb bands are derived from MPOS-transposed segments. The faint 9.5-kb band that hybridized to probes A and B remains to be identified (Fig. 3A) . Genomic zoo blot analysis with full-length mouse Mea1 cDNA probe containing MPOS showed that signals were observed only in mammals (Fig. 3B) . These findings indicate that Mea1 and MPOS were probably emerged during mammalian evolution (see also Fig. 1B) . The number of copies of Mea1 or MPOS varied in mammalian species, possibly reflecting the retroposition of MPOS. In mouse, an additional unknown 23-kb band was detected. (Fig. 1A) . B, Genomic zoo blot analyses of Mea1. EcoRI-digested genomic DNAs from various animals were analyzed with a full-length mouse Mea1 cDNA probe. A genomic zoo-blot membrane loaded with 10 µg of EcoRI-digested genomic DNA in each lane was purchased from Seegene (Seoul, Korea). The membrane was treated with 32 P-labeled mouse Mea1 coding fragment for 16 hr at 55 • C in a hybridization solution (0.5 M Na 2 HPO 4 -H 3 PO 4 (pH 7.2), 1 mM EDTA, 7% (v/v) SDS). The membrane was washed under stringent conditions. Mouse (ICR) genomic Southern membranes loaded with 10 µg of EcoRI-digested DNA in each lane were treated with probe A and B (Fig. 1A) , 32 P-labeled DNA fragments of the mouse Mea1 exon 2 and 3 -noncoding region, respectively, for 16 hr at 45 • C. The membranes were washed under stringent conditions.
Modeling of secondary structures of 3 -regions of
Mea1 and Ppp2r5d transcripts Short transposable elements derived from RNA species can generally form intramolecular structures.
9-13 Since MPOS contains palindromic poly(A)
+ signals and complementary sequences, it may form an intramoleculer structure at each 3 -terminal of Mea1 and Ppp2r5d transcripts. Secondary structure modeling showed that portions of Mea1-Ppp2r5d and Ppp2r5d-Mea1 mRNA transcripts could form clover-like structures that are complementary mirror images (Fig. 4A,B) . The same modeling was also applied to tail-to-tail overlapping genes in HLA/H-2 loci (ACAT2-TCP1 and CYP21-TNX) (Fig. 4C,D) . Although we could not identify the original RNA species of MPOS, the ability to form clover-like structures suggests that MPOS was derived from an RNA species. 
Formation mechanisms of PMP-complex
Mea1 is found only in mammalian genomes and Peas and Ppp2r5d are genetically conserved in eukaryotes. Rabbit C-repeats can provide genes with functional poly(A) + signals. 19 Similarly, MPOS supplies poly(A) + signals for both Mea1 and Ppp2r5d. It is therefore considered that an original RNA molecule of MPOS had retropositioned to the present position, the far, opposite side of the potential-bidirectional Peas promoter, and Mea1 was created in a mammalian ancestor (Fig. 5) . The sequences of MPOS are tightly conserved throughout mammals (Fig. 1C, box) , suggesting conservation of the original sequence. The origin of MPOS was thought to be an RNA species, but its original molecule has not been identified. PP2A regulatory B56 family is encoded by Ppp2r5a-e genes. Ppp2r5c and Ppp2r5d are closely related. 4 The genomic region of Ppp2r5c contains a transposon called intracisternal A-particle (IAP) (AB026817). A pseudogene of Ppp2r5c also exists.
20 Ppp2r5d have been duplicated from Ppp2r5c and retropositioned to the present position (Fig. 5) . Since short transposable elements derived from small RNA molecules do not encode reverse transcriptase themselves, they need to take advantage of other reverse transcriptases. MPOS is a short transposable element so that could not move alone but could have transposed together with Ppp2r5d. Our study supports the idea that MPOS transposition created a new mammalian-specific gene, Mea1, and may have contributed to mammalian evolution.
